Introduction
The endoplasmic reticulum (ER) is the cellular site for synthesis, folding and post-translational modification of secreted and transmembrane proteins. Cellular stresses that impair the folding of proteins that traffic through the ER activate a signaling pathway commonly referred to as the Unfolded Protein Response (UPR), which coordinates transcriptional induction, translational attenuation and ER-associated protein degradation allowing cells to adapt to and survive a given stress (Kaufman, 2004; Schroder and Kaufman, 2005) .
Stresses that activate the UPR include chemical inhibition of N-linked glycosylation, depletion of ER luminal Ca 2 þ or disruption of the oxidizing environment of the ER (Kaufman, 2004; Schroder and Kaufman, 2005) . The physiological stresses of glucose restriction and hypoxia are potent stressors of the ER, and thus the proper function of the UPR is implicated in the progression of tumor growth (Jamora et al., 1996; Romero-Ramirez et al., 2004; Bi et al., 2005) .
The proximal effectors of the UPR, or ER stress response, include the ER-resident, transmembrane kinases Ire1 (a and b) and the PKR-like ER kinase (PERK), as well as the ER-resident, activating transcription factor 6 (ATF6) (Cox et al., 1993; Shi et al., 1998; Tirasophon et al., 1998; Wang et al., 1998b; Harding et al., 1999; Haze et al., 1999) . Activation of Ire1 and ATF6 results in the transcriptional induction of ER chaperones in an effort to remedy protein misfolding (Tirasophon et al., 1998; Haze et al., 1999) . In contrast, PERK activation regulates cellular protein synthesis through phosphorylation of the eukaryotic translation initiation factor-2a (eIF2a) (Harding et al., 1999 (Harding et al., , 2000b . Phosphorylation of eIF2a results in a decrease in global protein synthesis, limiting the further influx of proteins into the lumen of the stressed ER. PERK also phosphorylates the transcription factor Nrf2, allowing the cell to regain redox homeostasis (Cullinan et al., 2003) .
Although one aspect of the UPR is cellular adaptation to acute stress, chronic stress results in the activation of apoptosis thereby preventing the propagation of damaged cells (Schroder and Kaufman, 2005) . Initiation of ER stress-induced apoptosis has been demonstrated to occur through a variety of mechanisms including activation of BH3-only proteins and uptake of ER calcium into mitochondria, leading to mitochondrial outer membrane permeabilization and formation of the caspase-9-activating complex, the apoptosome (Reimertz et al., 2003; Morishima et al., 2004; Mathai et al., 2005; Di Sano et al., 2006; Li et al., 2006; Shiraishi et al., 2006; Puthalakath et al., 2007; Deniaud et al., 2008) . Activation of the ERlocalized caspase-12 (or human caspase-4) may also play a role in the initiation of apoptosis during ER stress, activating an apoptotic pathway that has been demonstrated to be independent of mitochondrial release of cytochrome c and formation of the apoptosome (Nakagawa et al., 2000; Morishima et al., 2002; Rao et al., 2002; Hitomi et al., 2004; Katayama et al., 2004) .
The mammalian inhibitor of apoptosis (IAP) gene family encodes proteins related to the prototypical baculoviral IAP that mediates host cell viability during infection (Crook et al., 1993; Salvesen and Duckett, 2002) . Expression of IAPs endows cells with protection against a variety of apoptotic stimuli and IAP proteins, particularly cellular IAPs (cIAP1 and cIAP2), and the X-chromosome-linked IAP (XIAP) are expressed at high levels in many human malignancies (Orth and Dixit, 1997; Roy et al., 1997; Simons et al., 1999; Clem et al., 2001; Vucic and Fairbrother, 2007) .
The expression of cIAP1, cIAP2 and XIAP has been demonstrated to be induced by the ER stress response, and this induction is important for cellular survival of stress (Hu et al., 2004; Warnakulasuriyarachchi et al., 2004) . ER stress-induced expression of IAPs has been demonstrated to be dependent on the activity of the phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway as the inhibition of this pathway prevents IAP accumulation and sensitizes cells to ER stressinduced apoptosis (Hu et al., 2004) .
We have assessed the potential of PERK to regulate cellular survival through the regulation of the accumulation of inhibitors of apoptosis. We demonstrate that the UPR-induced expression of IAPs occurs at both the levels of transcription and translation and that both are PERK-dependent processes. Reintroduction of IAPs delays the early onset of apoptosis exhibited by PERKdeficient cells, highlighting the importance of IAP induction for survival following ER stress. In addition, we demonstrate that UPR-induced activation of the PI3K-Akt pathway is dependent on PERK, highlighting a diversity of avenues through which PERK may affect cell fate. These findings reveal that PERK activity, in addition to promoting cellular adaptation to stress, actively inhibits the ER stress-induced apoptotic program, allowing for an increased survival.
Results

UPR-induced IAP expression is a PERK-dependent process
Earlier work has revealed the accumulation of IAPs in tumor-derived cell lines treated with the ER stressors (Hu et al., 2004; Warnakulasuriyarachchi et al., 2004) . To evaluate the capacity of the UPR to regulate the expression of IAPs in non-transformed cell lines and to determine if this induction is conserved across species, NIH-3T3 cells were treated with tunicamycin or thapsigargin, bona fide inducers of protein misfolding within the ER, or vehicle (dimethyl sulfoxide) alone for up to 30 h. Treatment of cells with tunicamycin or thapsigargin led to the accumulation cIAP1 and cIAP2 proteins ( Figure 1a) . Induction of cIAP protein accumulation coincided with the induction of the ER stress-inducible protein C/EBP homologous protein (CHOP). In contrast, XIAP was highly expressed in NIH-3T3 cells and levels were slightly decreased by the induction of the ER stress response (Figure 1a ).
Although PERK activity influences cellular adaptation to and survival of ER stress through multiple mechanisms (Harding et al., 2000b; Cullinan et al., 2003) , we reasoned that the induction of IAP proteins might be one such PERK-dependent survival mechanism. To determine the role of PERK in the regulation of IAP expression following ER stress, wild-type (WT) and PERKÀ/À fibroblasts were treated with tunicamycin for up to 36 h. The expression of cIAP1 and cIAP2 was induced in WT cells, whereas no such induction was detected in PERKÀ/À cells, revealing PERK-dependent regulation (Figure 1b) . Interestingly, the expression of XIAP was not induced by ER stress and it even decreased slightly, revealing that XIAP is not regulated in the same manner as cIAP1 and cIAP2.
Expression of cIAPs confers protection from a number of apoptosis-inducing stresses (Vucic and Fairbrother, 2007) . To determine if the high levels of ER stress-dependent cIAP expression observed in WT cells corresponded with reduced apoptosis compared with PERKÀ/À fibroblasts, membranes were probed with antibodies specific for the unprocessed and processed forms of caspase-9 and caspase-3. Processing of caspase-9 and caspase-3 was accelerated in PERKÀ/À cells consistent with reduced expression of cIAPs ( Figure 1c ). The percentage of WT and PERK-/-cells undergoing apoptosis after tunicamycin treatment was determined by staining of cells with propidium iodide. PERKÀ/À cells exhibited reduced viability compared with WT cells, correlating with an increased sensitivity to ER stress (Figure 1d ).
PERK and Akt regulate the expression of IAP mRNA
The PI3K-Akt signaling pathway is activated by ER stress-inducing agents (Hu et al., 2004; Hosoi et al., 2007; Kazemi et al., 2007) and Akt activation is implicated in the transcriptional induction of IAPs (Hu et al., 2004) . Given that both PERK and Akt transduce cell survival signals, we initially determined whether PERK-dependent signals trigger Akt activation. NIH-3T3 cells treated with tunicamycin were harvested at the indicated intervals and Akt activation was determined by western analysis using antibodies specific for Akt phosphorylated at serine 473 or threonine 308. Tunicamycin triggered increased phosphorylation of both serine 473 and threonine 308 by 4 h, consistent with Akt activation; phosphorylation declined by 8 h (Figure 2a ). Tunicamycin treatment also transiently induced the phosphorylation of p70 S6 kinase, a downstream effector of the Akt pathway, at threonine 389 (data not shown).
To determine whether UPR-dependent Akt activation requires PERK, lysates were prepared from either WT or PERKÀ/À fibroblast that had been treated with tunicamycin. A robust induction of Akt phosphorylation was observed in WT cells, whereas no such induction was observed in PERKÀ/À cells (Figure 2b ). The observed lack of Akt activation in PERKÀ/À cells was specific for ER stress as Akt remains subject to mitogen regulation in these cells (data not shown).
Akt activation is implicated in the regulation of IAP gene transcription (Hu et al., 2004) . To determine whether PERK regulates IAP expression in an Aktdependent manner, RNA was prepared from WT and PERKÀ/À murine embryonic fibroblasts (MEFs) treated with tunicamycin. mRNA was reverse transcribed and the resulting cDNA was subject to quantitative real-time PCR. Expression of cIAP1 and cIAP2 was transiently induced by tunicamycin treatment in a PERK-dependent manner (Figure 3a) . This transient threefold increase in IAP mRNA was coincident with Akt activity in cells incurring ER stress. To directly test the importance of the PI3K-Akt pathway for UPR-induced cIAP transcription, WT fibroblasts were treated with tunicamycin, an Akt inhibitor, or both for 3 h. mRNA was prepared from cellular lysates, reverse transcribed and the resulting cDNA was subject to quantitative real-time PCR. Pharmacological inhibition of Akt attenuated the tunicamycin-induced transcription of IAP mRNA (Figure 3b ), indicating that PERK and Akt contribute to IAP mRNA accumulation.
IAP translation is induced by ER stress in a PERK-dependent manner
The above results reveal a role for Akt in the UPRdependent accumulation of cIAP mRNA. We noted, however, that IAP proteins continue to accumulate at time points at which IAP mRNA levels are declining, suggesting additional levels of regulation. We therefore evaluated the contribution of PERK and Akt to the induction of IAP protein. WT or Akt1À/À MEFs were challenged with tunicamycin and IAP levels were determined by western analysis. Strikingly, Akt1 deficiency did not prevent stress-induced accumulation of IAPs ( Figure 4a Akt inhibitor did partially attenuate ER stress-induced accumulation of cIAP1 and cIAP2 proteins; however, this inhibition was not complete as cIAP protein was still induced upon tunicamycin treatment in the presence of the Akt inhibitor ( Figure 4c ). Similar results were observed in cells with the PI3K inhibitor LY294002 (data not shown). Thus, although Akt activation and induction of cIAP mRNA contribute to the expression of cIAP protein during ER stress, this transcriptional response is not sufficient for the maximal induction of cIAP protein. As PERK plays a crucial role in regulating cellular translation during stress, we next determined whether the continued accumulation of cIAPs reflected a PERK-dependent increase in translation.
Although PERK-mediated phosphorylation of eIF2a generally inhibits protein translation, translation of some transcripts, such as that of ATF4, are paradoxically induced by eIF2a phosphorylation (Harding et al., 2000a; Fernandez et al., 2002a; Vattem and Wek, 2004) . To determine if ER stress-mediated induction of IAPs is dependent on eIF2a phosphorylation, WT fibroblasts and fibroblasts harboring a homozygous knock-in allele of eIF2a S 51 A were treated with tunicamycin for up to 36 h. Cellular lysates were resolved by SDS-PAGE and IAP levels were determined by western blot. ER stressinduced IAP accumulation is completely dependent on phosphorylation of eIF2a, as no IAP induction was detected in S 51 A cells (Figure 5a ).
To determine if the PERK-and eIF2a-dependent induction of cIAP proteins during ER stress reflected increased protein translation, wild-type and PERKÀ/À fibroblasts were treated with tunicamycin for up to 18 h or left untreated. Cells were then pulse labeled with To confirm the pulse-labeling analysis, we analysed cIAP translation by polysome profile. Wild-type and PERKÀ/À fibroblasts were treated with tunicamycin for 12 h or left untreated. Cellular lysates were fractionated by sucrose gradient ultracentrifugation for polysome analysis. RNA was collected from each fraction, reverse transcribed and subject to quantitative real-time PCR. Tunicamycin treatment led to the accumulation of cIAP1 and cIAP2 mRNA in the actively translated, polysome fractions (Figure 6a ). This preferential translation of cIAP message was PERK dependent as PERKÀ/À cells exhibited no shift in polysome accumulation of cIAP mRNA (Figure 6b ). ) wild-type and PERK-/-fibroblasts were treated with 2 mg/ml tunicamycin or DMSO as a vehicle control for the indicated intervals. Cell lysates were resolved by SDS-PAGE and membranes were probed with antibodies for phosphorylated and total Akt and eIF2a. DMSO, dimethyl sulfoxide; ER, endoplasmic reticulum; eIF2a, eukaryotic translation initiation factor-2a; PERK, PKR-like ER kinase; SDS-PAGE, SDS polyacrylamide gel electrophoresis. 
ER stress-induced IAP expression delays the onset of ER stress-induced apoptosis
To determine whether reintroduction of IAP expression could rescue PERK-deficient cells from accelerated, ER stress-induced apoptosis, PERKÀ/À fibroblasts were infected with retrovirus expressing cIAP1, cIAP2 or empty vector (Figure 7a ). It is of interest to note that the expression of cIAP1 resulted in an increased accumulation of cIAP2. Cell lines were treated with tunicamycin and cleavage of the executioner caspase, caspase-3, was assessed by western analysis. Reintroduction of cIAPs into PERKÀ/À cells attenuated the onset of caspase cleavage in these cells (Figure 7b ). To determine if the delayed caspase cleavage corresponded with delayed onset of apoptosis, nuclei were scored for apoptotic morphology. PERKÀ/À cells expressing cIAP1, cIAP2 or empty vector were grown on coverglass and treated with tunicamycin for up to 35 h. Cells were stained with 4',6-diamidino-2-phenylindole and nuclear morphology was assessed. Reintroduction of cIAP1 and cIAP2 into PERKÀ/À cell lines inhibited the accumulation of cells with apoptotic nuclear morphology (Figure 7c ). No antiapoptotic effect of IAP expression was observed in PERK WT cells; however, ER stress-induced translational repression in these cells prevented the exogenous expression of IAPs upon treatment with tunicamycin (data not shown). Although the expression of cIAPs is closely associated with protection from apoptosis, the mechanism by which cIAPs mediate their protective effect remains unclear. It is postulated that the role cIAPs in apoptotic suppression lies in the sequestration of the IAP inhibitor SMAC/DIABLO from XIAP, allowing XIAP to remain active (Eckelman and Salvesen, 2006) . To test the hypothesis that the induction of cIAP expression during ER stress allows for the accumulation of second mitochondria derived activator of caspase (SMAC)-free XIAP, wild-type cells were treated with tunicamycin for up to 36 h and SMAC was immunoprecipitated from cellular lysates. Levels of SMAC-associated IAPs were determined by western blotting. Tunicamycin treatment increased SMAC-associated cIAP1 and cIAP2, and a corresponding decrease in SMAC-associated XIAP (Figure 8a ) was observed. This replacement of SMAC-associated XIAP with cIAPs corresponded with an increase in soluble XIAP (supernatant), suggesting that cIAPs function during ER stress to free XIAP from SMAC-mediated inhibition (Figure 8b ). An ER stress-induced reduction of SMACassociated XIAP was also noted in PERKÀ/À cells; however, total cellular XIAP substantially decreased over the same time course (Figure 8b ). There was no increase in SMAC-free XIAP upon induction of ER stress in PERKÀ/À cells (Figure 8b ).
Discussion
The activation of PERK following oxygen or glucose restriction contributes to cell adaptation and is thus implicated in the progression and maintenance of tumors (Fels and Koumenis, 2006) . As cells deficient for PERK are acutely sensitive to ER stress, an understanding of the pro-survival mechanisms initiated by PERK activity may reveal therapeutic targets for cancer as well as other UPR-based pathologies. The pro-survival mechanisms that have been described downstream of PERK are adaptive programs that reduce the cytotoxic consequences of the stress that a cell incurs. This study demonstrates that in addition to the adaptive pathways downstream of PERK, once a cell has reached a critical level of stress, PERK also mediates cell survival through the selective induction of the IAP family proteins. ER stress-induced expression of cIAPs coincides with a reduced activation of caspases, suggesting an inhibitory effect of IAPs on the ER stressinduced apoptotic program. Our results confirm the data reported earlier that suggest that IAPs are transcriptionally induced in an Akt-dependent manner (Hu et al., 2004 ). Our data demonstrate that IAP mRNA is transiently induced early during the ER stress response. This induction coincides temporally with ER stress-induced Akt activity and is attenuated by Akt inhibition. Although the specific transcription factors downstream of Akt have not been identified, nuclear factor (NF)kB remains a likely candidate. Akt promotes NFkB activity by phosphorylating and activating IkB kinase, leading to NFkB nuclear translocation and transcription of its target genes, which include cIAP1 and cIAP2 (Bellacosa et al., 2004; Debatin and Krammer, 2004) . Although ER stress can induce NFkB transcriptional activity in a PERK-dependent manner (Jiang et al., 2003; Deng et al., 2004) , the role of Akt activity in ER stress-induced NFkB activation has not been addressed.
Importantly, although IAP transcription does increase following ER stress, our results indicate that increased expression is not necessary for IAP induction.
Inhibition of Akt effectively inhibited IAP mRNA accumulation, but did not inhibit protein accumulation, suggesting that an alternative mechanism contributes to IAP protein accumulation during ER stress. Indeed, our data demonstrate that IAP mRNA is preferentially translated during the ER stress response in a PERKand eIF2a-dependent manner. Although the phosphorylation of eIF2a is associated with attenuation of protein synthesis, translation of specific transcripts is induced by eIF2a phosphorylation. The mRNAs of the transcription factor ATF4 (Harding et al., 2000a) and the cationic amino-acid transporter Cat-1 (Fernandez et al., 2002b) contain upstream open reading frames in their 5 0 -untranslated regions that repress translation under basal conditions, but allow for efficient translation when eIF2a is phosphorylated (Schroder and Kaufman, 2005) . The 5 0 -untranslated regions of both human and mouse cIAP1 and cIAP2 contain upstream open reading frames, suggesting a potential regulatory mechanism. Alternatively, translational regulation of IAPs could reflect the presence of putative internal ribosome entry sites. Internal ribosome entry site elements have been reported for cIAP1 (Warnakulasuriyarachchi et al., 2004) mRNA, suggesting additional mechanisms by which cells upregulate IAPs during ER stress. Internal ribosome entry site elements in the cIAP1 mRNA may explain why, in our hands, inhibition of Akt alone upregulates cIAP1 protein expression.
Although reintroduction of cIAP expression into PERKÀ/À cells during ER stress only partially rescues these cells from apoptosis, it is important to note that PERK mediates cellular adaptation to ER stress through multiple mechanisms. We thus did not expect to completely rescue PERKÀ/À cells from ER stressinduced apoptosis by reintroducing only one mechanism by which PERK mediates survival.
Interestingly, the expression of the most potent IAP, XIAP, is not induced by ER stress. XIAP directly inhibits caspase-3, -7 and -9 Shiozaki et al., 2003; Scott et al., 2005) . Although not direct caspase inhibitors, cIAPs are believed to function as modulators of XIAP activity through the sequestration of SMAC (Eckelman and Salvesen, 2006) . Our data are consistent with this hypothesis as ER stress-induced expression of cIAP proteins leads to a reduction of XIAP in SMAC immunoprecipitates. Thus, although XIAP protein levels are not induced by ER stress, there is a net increase in XIAP through PERK-dependent cIAP induction. The importance of XIAP activity in the survival of ER stress is highlighted by the fact that knockdown of XIAP dramatically sensitizes cells to tunicamycin treatment (Hu et al., 2004; our unpublished results) .
The activation of Akt may also directly affect XIAP activity during ER stress as Akt has been demonstrated to phosphorylate and thus stabilize XIAP protein (Dan et al., 2004) . The transient activation of Akt during ER stress may thus regulate cellular levels of XIAP protein and possibly contribute to the loss of XIAP protein observed at later hours of ER stress.
Another possible and intriguing role for cIAP1 and cIAP2 in ER stress may lie in the modulation of death receptor signaling. Signaling downstream of tumor necrosis factor-a (TNFa) can be either pro-survival or pro-apoptotic, and cIAPs are crucial for pro-survival signaling through the TNFa receptor (Wang et al., 1998a) . Autocrine TNFa pro-apoptotic signaling can occur during ER stress through IRE1 activity (Hu et al., 2006) . However, the role of cIAP1 and cIAP2 in ER stress-induced TNFa signaling has not been addressed. Although we failed to detect a change in TNFa levels in the media of fibroblasts treated with tunicamycin (unpublished data), the critical role of cIAPs in protecting tumor cells from TNFa-induced apoptosis is becoming increasingly clear (Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2007; Bertrand et al., 2008) . Given these observations, PERK inhibition, as a therapeutic strategy, may not only eliminate the ability of cells to adapt to the tumor microenvironment, but also induce the extrinsic apoptotic pathway in tumor cells that excrete TNFa. Future experiments will be required to determine the role of PERK in maintaining tumor cIAP levels and viability in vivo.
A striking finding is that ER stress-mediated activation of Akt is completely dependent on PERK. The precise mechanism by which Akt is activated during ER stress is under current investigation. We and others have observed that this activation is dependent on PI3K activity as ER stress-induced Akt phosphorylation is ablated by the presence of LY294002 (Hu et al., 2004; Hosoi et al., 2007, our unpublished results) . We have also observed the induction of PI3K activity in in vitro kinase assays after prior treatment of cells with tunicamycin (our unpublished data). This activation of PI3K is independent of extracellular growth factor signaling, as Akt becomes activated by ER stress in the absence of serum (Hu et al., 2004; our unpublished data) .
A recent report suggests that the activation of PI3K occurs downstream of the eIF2a kinase PKR, suggesting that PI3K and Akt activation is a property of all eIF2a kinases (Kazemi et al., 2007) . Elucidation of the mechanism by which eIF2a kinases activate PI3K is of great interest as signaling pathways downstream of PI3K bring to light a myriad of new unexplored mechanisms by which cells respond to stress.
Materials and methods
Cell culture and materials
Cell lines were maintained in MEF media (Dulbecco's Modified Eagle's Medium (Cellgro, Manassas, VA, USA) supplemented with 10% fetal bovine serum (Gemini, Sunnyvale, CA, USA), Penicillin/Streptomycin (Cellgro), non-essential amino acids (Gibco, Carlsbad, CA, USA), L-glutamine (Cellgro) and b-mercaptoethanol (Gibco). eIF2a S51A homozygous knock-in MEFs were a gift from Donalyn Scheuner and Randal Kaufman (Scheuner et al., 2001 ). Akt1-/-MEFs were a gift of Morris Birnbaum (Cho et al., 2001) . All MEF cell lines were immortalized through a standard 3T9 passage protocol (Todaro, 1963) . Transfections were performed using LipofectAMINE Plus (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Tunicamycin was purchased from Sigma (St Louis, MO, USA), and Akt Inhibitor VIII was purchased from EMD Biosciences (Madison, WI, USA). For overexpression experiments, mouse fibroblasts were infected with retroviral supernatants as described earlier (Brewer and Diehl, 2000) . Forty-eight hours post-infection, the cells were treated as indicated and harvested for analysis.
Protein analysis
For direct western blot analysis, cells were lysed in EBC buffer (50 mM Tris HCl (pH 8.0), 120 mM NaCl, 1 mM EDTA, 0.5% Igapel, 10 U/ml aprotinin, 5 mg/ml leupeptin, 10 mM b-glycerolphosphate, 4 mM NaF and 1 mM phenylmethanesulfonylfluoride). Total protein (100 mg) was resolved on denaturing polyacrylamide gels, transferred to nitrocellulose membranes or polyvinylidene fluoride (Millipore, Billerica, MA, USA) and blotted with the indicated primary antibodies: cIAP1 (Cell Signaling, Danvers, MA, USA), cIAP2 (Chemicon, Rosemont, IL, USA), XIAP (BD Biosciences, San Jose, CA, USA), b-actin (Sigma), CHOP (Santa Cruz, Santa Cruz, CA, USA), caspase-3 (Cell Signaling), caspase-9 (Cell Signaling), Akt total, pS473 and pT308 (Cell Signaling), eIF2a total and pS51. Sites of antibody binding were visualized by enhanced chemiluminescence detection (Perkin-Elmer, Waltham, MA, USA).
For SMAC immunoprecipitation, cells were lysed in Triton X-100 lysis buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 2 mM EDTA, 1% Triton X-100, 10 U/ml aprotinin, 5 mg/ml leupeptin, 10 mM b-glycerolphosphate, 4 mM NaF and 1 mM phenylmethanesulfonylfluoride) and briefly sonicated. SMAC was immunoprecipitated from 1 mg of cellular lysate using a rabbit polyclonal antisera (Novus Biologicals, Littleton, CO, USA).
Real-time reverse transcription PCR
For the detection of cIAP1 and cIAP2 mRNA and 18S rRNA by reverse transcription PCR, total RNA was extracted from fibroblasts using TRIzol (Invitrogen). Reverse transcription reactions were performed using Superscript II RT (Invitrogen), using 5 mg of RNA and random hexomers following the manufacturer's instructions. cIAP1 was amplified using the primers sense, 5 0 -gaagaaaatgctgaccctacaga-3 0 ; antisense, 5 0 -gctcatcatgacgacatctttc-3 0 ; cIAP2 was amplified using primers sense, 5 0 -cgatgcagaagacgagatga-3 0 ; antisense, 5 0 -tttgttcttccggat tagtgc-3 0 ; and 18S rRNA was amplified as a control using primers sense, 5 0 -aaatcagttatggttcctttggtc-3 0 ; antisense, 5 0 -gctct agaattaccacagttatccaa-3 0 . DDC T analysis was performed in an Applied Biosystems 7900HT Sequence Detection System with amplification quantified with SYBR green.
Biosynthetic labeling
Subconfluent cells were treated with either 2 mg/ml tunicamycin for the indicated intervals, or left untreated, and shifted to methionine/cysteine-free Dulbecco's Modified Eagle's Medium (Sigma) for the final 30 min of treatment. Cells were pulsed with medium (±tunicamycin) containing 150 mCi/ml trans-35 S-label for the indicated intervals and lysed in NP40 lysis buffer (50 mM Tris HCl (pH 7.5), 1% Igapel, 0.5% deoxycholate, 150 mM NaCl, 10 U/ml aprotinin, 5 mg/ml leupeptin, 10 mM b-glycerolphosphate, 4 mM NaF and 1 mM phenylmethanesulfonylfluoride). cIAP2 was immunoprecipitated from whole cell lysates, resolved on a denaturing polyacrylamide gel and visualized by autoradiography.
For pulse-chase analysis, cells were treated with tunicamycin and starved of methionine/cysteine as before. Cells were then pulsed in medium (±tunicamycin) containing 150 mCi/ml trans-35 S-label for 30 min, washed with phosphate-buffered saline and chased for the indicated intervals in medium ( ± tunicamycin) supplemented with 200 mM cold methionine.
Polysome analysis
Polysome analysis was carried out as described earlier (Ji et al., 2003) . Briefly, wild-type and PERKÀ/À fibroblasts were treated with tunicamycin for 12 h or left untreated, and subsequently incubated with cycloheximide (100 mg/ml) for 15 min before harvesting. Cells were lysed in TMK100 lysis buffer (10 mM Tris-HCl (pH 7.4), 5 mM MgCl 2 , 100 mM KCl, 2 mM dithiothreitol, 1% Triton X-100 and 100 U of RNase inhibitor (Promega, Madison, WI, USA) per ml in diethyl pyrocarbonate-treated water) for 5 min. Nuclei were cleared, supernatants were loaded on top of 10-50% linear sucrose gradients containing 100 mM KCl, 5 mM MgCl 2 , 2 mM dithiothreitol and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4). Gradients were ultracentrifuged at 38, 000 r.p.m. for 90 min at 4 1C (Beckman SW41 rotor). Fractions (750 ml) were collected into microcentrifuge tubes containing 70 ml of 10% SDS, and the gradient profile was monitored through ultraviolet absorbance at 254 nm with a UA-5 detector (ISCO, Lincoln, NE, USA). Each sample was digested with 8 ml of protease K (20 mg/ml) solution at 37 1C for 30 min and stored at À80 1C before RNA extraction with phenol and chloroform.
Apoptosis detection
For propidium iodide staining, cells were treated with 5 mg/ml of tunicamycin for the indicated intervals. Cells were trypsinized and resuspended in phosphate-buffered saline. Propidium iodide was added to a concentration of 2.5 mg/ml. Propidium iodide fluorescence was measured with a Becton Dickinson FACSCalibur.
For 4',6-diamidino-2-phenylindole staining, cells proliferating on glass coverslips were treated with 2 mg/ml of tunicamycin for the indicated intervals. Cells were fixed in 1:1 methanol:acetone, rehydrated in phosphate-buffered saline and mounted in ProLong Gold antifade reagent with 4',6-diamidino-2-phenylindole (Invitrogen). A minimum of 1000 nuclei per cell line was scored using a Nikon E800 fitted with appropriate filters.
